Invasion and colonization of host cells by bacterial pathogens depend on the activity of a large number of prokaryotic proteins, defined as virulence factors, which can subvert and manipulate key host functions. The study of host/pathogen interactions is therefore extremely important to understand bacterial infections and develop alternative strategies to counter infectious diseases. This approach however, requires the development of new high-throughput assays for the unbiased, automated identification and characterization of bacterial virulence determinants. Here, we describe a method for the generation of a GFP-tagged mutant library by transposon mutagenesis and the development of high-content screening approaches for the simultaneous identification of multiple transposon-associated phenotypes. Our working model is the intracellular bacterial pathogen Coxiellaburnetii, the etiological agent of the zoonosis Q fever, which is associated with severe outbreaks with a consequent health and economic burden. The obligate intracellular nature of this pathogen has, until recently, severely hampered the identification of bacterial factors involved in host pathogen interactions, making of Coxiella the ideal model for the implementation of high-throughput/highcontent approaches.
Introduction
The emerging, endemic bacterium Coxiella burnetii is responsible for large outbreaks of Q fever, a debilitating flu-like zoonosis with severe health and economic impact 1 . The main reservoirs of Coxiella are domestic and farm animals, and it is estimated that more than 90% of dairy cattle in the US carry C. burnetii 2 . Humans are accidental hosts that are infected by inhalation of contaminated aerosols. Human Q fever manifests either as an acute or chronic disease, which may have fatal complications with a mortality rate reaching 65% 1, 3 . With an infectious dose of 1 -10 organisms, Coxiella is the most infectious pathogen known and it has been investigated as a potential bio weapon 4 . The recent explosive outbreak of Q fever in the Netherlands (2007 -2010) , with cases escalating from 182 to more than 2,000 per year, stands as an example of the severe virulence of this pathogen 5 .
The remarkable efficiency of Coxiella infections is likely associated with its resistance to environmental stress, combined with its unique adaptation to host cells. Indeed, Coxiella is present in the environment in the form of metabolically inactive small cell variants (SCV), which are remarkably resistant to several harsh conditions (desiccation, temperature, etc.). SCVs are up taken by phagocytic cells via α V β 3 integrins 6 while invasion of non-phagocytic cells is mediated by the Coxiella adhesion/invasion OmpA 7 and a yet unidentified receptor. Following uptake,
Coxiella resides in tight-fitting vacuoles, positive for the early endosomal markers Rab5 and EEA1 8 . Bacteria respond to endosomal acidification by converting to metabolically active large cell variants (LCVs) and activating a Dot/Icm type 4 secretion system (T4SS) 9 , highly homologous to that of Legionella pneumophila 10 . The secretion of Dot/Icm effectors allow Coxiella to generate a large, LAMP1-positive acidic compartment containing active lysosomal enzymes where bacteria can thrive and actively protect infected cells from apoptosis 11 . Hence, the intracellular cycle of Coxiella is controlled by the Dot/Icm-mediated translocation of bacterial effectors 3. Assess the optimal dilution as follows: ensure that colonies are 0.5 to 1 mm in diameter and are properly isolated to avoid crosscontamination. Thaw remaining bacterial cultures from point 1.4.2 and plate at the appropriate dilution on ACCM-2 agar as described in 1.4.1.2 and 1.4.1.3. Incubate for 6 to 7 days as described in 1.4.1.3.5. 4. Once colonies are detectable, collect them by cutting the end of a 1 ml tip, picking the plug containing isolated colonies and dispersing the colony by pipetting in 1.5 ml of ACCM-2 containing the appropriate antibiotics (375 µg/ml kanamycin or 3 µg/ml chloramphenicol) in a 24-well plate. Amplify individual colonies for 6 days in the conditions described in 1.3.1. On day 3 of incubation, disperse the bacterial clumps by pipetting each culture. 5. Store each mutant suspension in 2D barcoded screwcap tubes in 96-well plates in 10% DMSO at -80 °C.
Evaluation of bacterial concentration:
Note: the following protocol can be applied to obtain the growth curves of bacterial mutants replicating in axenic medium (see 1.4.4). 1. Standard curve preparation: 1. Prepare a 2 µg/ml stock solution of dsDNA (typically a random plasmid of known size and concentration) in 1x Tris-EDTA (TE). Prepare 10-fold serial dilutions from the stock solution to obtain concentrations ranging from 2 µg/ml to 2 ng/ml. Dispense 50 µl of each concentration to single wells of a 96-well microplate with black walls and bottom (see Table of Materials). 2. Dilute the dsDNA quantitation reagent 1:200 in 1x TE buffer and add 55 µl of the diluted reagent to each sample in the 96-well microplate. Mix well using a plate shaker and incubate for 2 to 5 min at room temperature, in the dark. 3. Measure the samples fluorescence using a fluorescence microplate reader and filters for standard fluorescein wavelengths (excitation ~480 nm, emission ~520 nm). 4. Plot the plasmid concentration range against the fluorescence intensity readings.
2. Bacterial suspension quantitation:
1. Dispense 5 µl of 10% Triton X-100 per well in a 96-well microplate with black walls and bottom (see 
Single Primer Colony PCR, Sequencing, and Annotation
Note: the following protocol is for DNA amplification of 96 samples, a multichannel pipette is recommended for the following steps. Column purification of PCR products using magnetic beads and DNA sequencing with a transposon-specific primer (2.3) are subcontracted to an external company.
1. Ensure that the amplification primer is designed in order to hybridize between 100 and 200 base pairs upstream of the inverted tandem repeat (ITR), to obtain PCR products covering the transposon insertion site on Coxiella genome. Prepare 3 ml of PCR mix (1x high fidelity buffer, 200 µM dNTPs, 1 µM amplification primer, 20 U/ml high fidelity DNA polymerase) and dispense 29 µl per well in a 96-well PCR plate set on ice. Transfer 1 µl of each mutant in stationary phase in ACCM-2 to the PCR mix. 2. Run PCR with initial denaturation (98 °C, 1 min), 20 high stringency cycles (98 °C, 10 sec; 50 °C, 30 sec; 72 °C, 90 sec), 30 low stringency cycles (98 °C, 10 sec; 30 °C, 30 sec; 72 °C, 90 sec) and 30 high stringency cycles (98 °C, 10sec; 50 °C, 30 sec; 72 °C, 90 sec) followed by a final extension at 72 °C for 7 min. 3. Purify PCR products using magnetic beads and sequence DNA with a transposon-specific primer. Design the transposon-specific primer with a predicted melting temperature comprised between 50°C and 75°C, a GC content between 40% and 60 %, a length between 18 and 25 nucleotides and an annealing site downstream of the amplification primer hybridization site and at least 100 base pairs upstream of the first base pair of the transposon ITR. 4. Using sequence analysis software, load the complete, annotated genome of Coxiella burnetii 493 NMI. Use the "align to reference" function to load and align (blastn) the sequencing results and determine the site of transposition. Discard mutants with non-matching and/or displaying double reads.To monitor the saturation of the mutant library, keep a record of the occurrence of multiple transposon insertions at the same site.
Eukaryotic Cells Challenge with Coxiella Mutants and Monitoring of Intracellular Growth
Note: A multichannel pipette is recommended for the following steps. Infections were performed in triplicates in sterile 96-well microplates with black walls and flat transparent bottom. wt Coxiella burnetii expressing GFP 14 was provided by Dr. Robert Heinzen. 
Grow Vero cells in RPMI without

Preparation of Samples for Automated Image Acquisition
Note: The procedure is for one 96-well plate, scale up volumes accordingly. Steps from 4.2 may take advantage of a plate washer.
1. On the 7 th day post infection, remove medium from plate and replace it with 50 µl/well of fresh, complete medium containing a cell permeable fluorescent dye at the appropriate dilution (usually 1:1,000, to be optimized according to the cell line used). Incubate cells for 30 -60 min at 37 °C in a humidified atmosphere of 5% CO 2 . 2. Replace medium with 50 µl/well of 4% paraformaldehyde (PFA) in PBS, incubate for 30 min at room temperature (RT) then remove the PFAcontaining buffer and wash 3 times with PBS. 
Image Acquisition
1. Acquire images in the GFP (488 nm, bacteria), Hoechst 33258 (350 nm, host cell nuclei), red (~555 nm, cell membrane marker) and far red (~615 nm, LAMP1) channels using an epifluorescence automated microscope equipped with a 20X objective. Acquire 21 independent fields per well in order to image a minimum of 5,000 cells per sample. Apply autofocusing using the host cell nuclei channel as a reference. When working with bacterial pathogens infecting a low percentage of host cells, users can adjust the number of independent fields imaged per well, in order to obtain a minimum of 500 infected cells to analyze.
Image Processing
Note: the following steps are specific for the use of the image analysis software CellProfiler. In all cases, the optimal algorithm for segmentation must be defined experimentally and the objects touching the border of the image should be eliminated with the appropriate function.
1. Load all images in CellProfiler. 2. Use the module "ImageMath" to subtract the GFP channel from the Hoechst channel, to avoid detection of Coxiella colonies (also labeled by Hoechst) as host cell nuclei in the following steps. 3. Use the module "IdentifyPrimaryObjects" to segment host cell nuclei from the resulting image of step 6.2. Name the segmented objects "Nuclei". 4. Use the module "IdentifySecondaryObjects" to segment host cells from the 555 nm images using the nuclei detected at step 6.3 as seeds.
Name the segmented objects "Cells". 5. (Optional) Use the module "IdentifyTertiaryObjects" to subtract nuclei identified at step 6.3 from cells identified at step 6.4. Name the segmented objects "Cytoplasm". 6. Use the module "EnhanceOrSuppressFeatures" on the 615 nm images to remove background and facilitate the following identification of LAMP1-positive compartments. 7. Use the module "IdentifyPrimaryObjects" on the image obtained at step 6.6 to identify LAMP1-positive compartments. Name the segmented objects "Lysosomes". 8. Use the module "IdentifyPrimaryObjects" on the 488 nm image to identify Coxiella colonies. Name the segmented objects "Colonies". 9. Use the module "IdentifySecondaryObjects" on the 615 nm images to identify Coxiella-containing vacuoles using the Coxiella colonies detected at step 6.8 as seeds. Name the segmented objects "CCVs". 10. Use the module "MaskObjects" to select CCVs detected on cells (as cells touching the border of the image have been eliminated, some CCVs may be detected "outside" cells). Name the resulting objects "Filtered CCVs".
Representative Results
Upon isolation of transposon mutants, single primer colony PCR is a robust, high-throughput method to identify the site of transposon insertion for each mutant. This approach derives from a typical nested PCR protocol but here a single primer hybridizes specifically and/or non-specifically to the template DNA depending on the stringency of the annealing temperature ( Figure 1A) . The typical PCR products consist of multiple DNA fragments, most of which are specific ( Figure 1B) . The use of a different sequencing primer that anneals right upstream of the transposon ITR, and downstream of the sequence recognized by the amplification primer provides specificity for the sequencing step ( Figure 1C) . Automated software for sequence analysis aligns the obtained sequences to the Coxiella genome providing the exact site of transposon insertions ( Figure  1C ). All transposon insertions can be then annotated on the Coxiella genome ( Figure 1D ).
Each Coxiella mutant is isolated and amplified axenically in ACCM-2 medium prior to either storage or screening. To add qualitative information about the same transposon mutants, we opted for automated image acquisition and analysis. Seven days post infection, plates are fixed, processed for immunofluorescence as described in 4 and analyzed using an automated, epifluorescence microscope as described in 5. Automated image analysis software such as CellProfiler (Broad Institute, www.cellprofiler.com) processes the acquired channels independently and segments identified objects for comparative analysis (Figure 3) . This allows the identification and morphological characterization of host cell nuclei, cell contours, lysosomes and Coxiella colonies (Figure 3 top panels) . Correlating Coxiella colonies with cells and lysosomes allows the identification and specific morphological analysis of Coxiella-containing vacuoles (which are LAMP1 positive, Figure 3 bottom left panel). Correlating Coxiella colonies with host cell contours allows the identification and specific morphological analysis of infected cells (Figure 3 bottom center panel) . Finally, the 4 channels are merged for illustration and quality control purposes (Figure 3 bottom right panel).
Data obtained from automated image analysis can be plotted against each other to obtain "multi-phenotypic scatter plots". As an example, in Figure 4A the average area (in μm 2 ) of Coxiella colonies is plotted against the number of colonies per cell (Figure 4A) , in order to identify mutations that affect intracellular replication of Coxiella (replication phenotype) and/or the capacity of bacteria to invade host cells (internalization phenotype). Statistical analysis was used to define regions in the resulting scatter plot corresponding to mild (-4 < Z-score ≤ -2) and severe (Zscore ≤ -4) phenotypes. Mutants were observed in 3 main clusters: mutations that resulted in a defective intracellular growth of Coxiella were grouped in the left-most part of the plot ( Figure 4A , pink and red dots); mutations that affected Coxiella internalization in cells were grouped in the bottom part of the plot ( Figure 4A , light and dark blue dots) and finally, green dots in the right-most region of the plot correspond to mutations resulting in non-significant phenotypes (Z-score > -2). Importantly, mutants that fail to replicate but are still able to invade host cells, are detected after 7 days of infection as single bacteria, or small colonies, adjacent to host cell nuclei ( Figure 4C, second panel) . Hence, the size of Coxiella "colonies" will be significantly affected but the number of infected cells will not vary as compared to WT Coxiella-infected cells. On the contrary, mutations that affect the capacity of Coxiella to invade host cells result in a decrease in the number of colonies/cell. When this number is significantly below 1, it indicates that, on average, there is a decrease in the overall number of infected cells. Alternatively, the average area (in μm 
Discussion
The study of host/pathogen interactions has proven to be a remarkable method to understand bacterial infections and develop alternative strategies to counter infectious diseases. However, due to the diversity of strategies elaborated by different bacterial pathogens, the identification and characterization of bacterial virulence factors and of the host signaling pathways that are targeted during infections represent a real challenge. This calls for the development of new approaches for the large-scale identification of key host/pathogen interaction hubs. The recent development of innovative, high-throughput and high-content screening techniques represents an invaluable resource that can be adapted to the study of intracellular bacterial pathogens 15 . Here, we have used the zoonotic bacterial pathogen Coxiella burnetii as a model to develop screening approaches that combine transposon mutagenesis and fluorescence-based assays. Importantly, this screening method allows the simultaneous monitoring of multiple steps of the Coxiella intracellular cycle, providing a global overview of the strategies developed by this bacterium to invade, replicate and persist within infected cells.
The approach described here is based on two well-established techniques, transposon mutagenesis and fluorescence-based assays, which have been successfully applied to the study of bacterial pathogens. Combining these techniques in the context of high-throughput/high-content screens allows us to evaluate the effects of a high number of bacterial mutations by analyzing a very high number of events (typically 15,000 infected cells per bacterial mutations are imaged and analyzed). This provides an important statistical analysis of events such as bacterial invasion of host cells and intracellular replication, which are, by nature, subject to high variability. It is important to note that cell lines other than epithelial can be used for this type of screening. However, flat and large epithelial cells are optimal for image analysis as host cell organelles are easier to detect. Because the majority of automated microscopes can automatically handle a large number of plates, there are virtually no limits to the number of mutants that can be screened simultaneously. Depending on the pathogen, the user can privilege the use of an epifluorescence or a confocal microscope. The time of image acquisition will mostly depend on the sensitivity of the microscope camera, on the number of fields acquired per well and on the number of channels acquired per field of view. The user can decide how to adjust these factors to optimize the screening protocol. As an example, we imaged one 96-well plate/hr using the conditions indicated at point 5.1. Image analysis largely depends on the machine (or cluster of machines) used. We use a 12-core (2 x 3.06 GHz 6-Core), 48 GB RAM workstation. This machine requires approximately 40 min to analyze images acquired from one plate.
An important aspect to be taken into account when developing these assays is the set up of new (or the optimization of existing) protocols to allow the manipulation and processing of a large number of samples. A typical example is the development of the single primer colony PCR approach, which allowed us to rapidly amplify and sequence Coxiella DNA fragments containing the site of insertion of each transposon, from very small samples. Based on our experience, the high-fidelity polymerase has to be carefully selected and tested in order to obtain reproducible results. The only limitation of this approach may hide in the observation that, in the majority of cases, about 30% of the processed samples are not exploitable, either due to the PCR or the sequencing steps. However, considering that the isolation of new Coxiella transposon mutants is not a rate-limiting step, this does not represent a major issue. Similarly, the development of a reliable assay to quantify the bacterial concentration of mutant stocks has been key for this approach. Due to the tendency of Coxiella to aggregate when in suspension, the use of optical density readings is not applicable to calculate the concentration of Coxiella cultures and the only existing alternative was quantitative PCR (qPCR). Here, the use of a fluorescently tagged DNA intercalating agent significantly speeded up bacteria quantitation.
This approach can also take advantage of the use of stable cell lines expressing fluorescent markers for several intracellular compartments depending on the pathogen used. Another important aspect is the use of cell culture media devoid of phenol red. We observed that this pH indicator has a natural fluorescence spanning the red and green spectrum that saturates the signal recorded on the automated fluorescence reader.
The strategy presented here relies on random transposon mutagenesis. For the mutants of interest, we recommend validating unique transpositions (and clonality) using Southern blot and PCR amplifications of the transposon insertion site.
Besides the equipment described in the protocol section, teams interested in using the screening approach presented here, will take great advantage in the set up of a relational database for data collection, a server for data storage and a workstation for rapid image analysis.
Importantly, the method here described is suited for the study of other intracellular bacterial pathogens provided a random mutagenesis method exists for the pathogen, cell lines can be infected by the pathogen and this one displays a specific phenotype during infection.
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